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ABSTRACT. Upon UVA irradiation, aryl halides can undergo dehalogenation in presence of bases 
and methanol as a hydrogen donor. This catalyst-free photochemical dehalogenation is furnished 
through a facile radical-chain reaction under mild conditions. The chain reaction follows UVA 
irradiation of the reaction mixture in a transition metal-free environment. Mechanistic studies 
support a chain mechanism in which initiation involves absorption by a methoxide-bromoarene 
complex facilitated by halogen bonding interactions. The methoxide-bromine interaction leads to 




The transformation of haloarenes into the corresponding arenes has great relevance to organic 
synthesis, industrial processes as well as environmental remediation.1 Conventional methods for 
dehalogenation of aryl halides usually involve high H2 pressures, reduction by tin or silicon 
hydrides,2 or catalytic systems including transition metals like Pd,3-7 Rh,8 Ru,9-10 Mo11, Co12, Ni.5, 
13 More recent examples study the use of light to catalyze the reaction in the presence of organic14 
or inorganic15 photocatalysts. Although some recent examples suggest concerted mechanisms 
through hydrogen bonding formation,16 the majority of the photosensitized mechanisms are based 
on the aryl radical formation.17-21 Many have suggested that the presence of a strong base, usually 
KOtBu in DMSO, it is involved it the photoinduced Ar–X bond dissociation. 22 However, a 2017 
landmark study by Rossi et al. 19 showed that light-induced eT reactions –where none of the 
isolated reagents can absorb the excitation light– can be photoinitiated by the formation of a dimsyl 
anion (deprotonation of DMSO in a highly basic medium, such as in the presence of KOtBu). They 
demonstrated that this anion absorbs light into the visible region, and can initiate the eT process 
with aryl and alkyl halides via photoejection mechanism for the initial Proton-Electron-Transfer 
(PET) path. As they state, “dimsyl anion or its derivatives, rather than −OtBu or −H anion, may 
be responsible for starting the arylation reactions by photostimulated base-promoted homolytic 
aromatic substitution reaction (BHAS).” Here, we show that aryl halides can also be 
photochemically dehalogenated (under mild UV excitation) in the presence of a strong base, i.e. 
methoxide, without solvent assistance (Scheme 1). The key discovery in this contribution results 
from the initiation step —where the halogen bond formation activates the reagents towards long 
wavelength light absorption—, and the propagation step —where halogen bonding weakens the 
C–X bond promoting dissociation. The product is furnished through hydrogen abstraction during 
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an electron-transfer-catalyzed chain process (proton-coupled-electron transfer –PCET).23 This 
contrasts with the reaction under thermal conditions in the dark, where the same substrate 
undergoes a nucleophilic aromatic substitution (SNAr). The reaction is most favored with very 
strong bases and electron withdrawing group (EWG) substituents, such as in Scheme 2, that 
exemplifies the type of system examined here, illustrating the contrasting pathways observed 
thermally and photochemically. These findings constitute a new path to understand the photo-
induced dehalogenation process, where the base-halogen interaction can play a crucial role. 
 
Scheme 1. Photoinduced Ar–X bond dissociation: solvent-mediated photoinitiation19  and base-
mediated photoinitiation. 
 
Scheme 2. Contrasting thermal and photochemical products in the reaction of 4-bromo 
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All reagents and materials were purchased from Sigma Aldrich, unless otherwise stated, and 
used as received. Irgacure-2959 (I-2959) was a generous gift from BASF. Formaldehyde test is 
the MQuant® colorimetric test from Sigma. 
UV-Vis spectroscopy was carried out in a Agilent Cary 60 using quartz cuvettes. Photoproduct 
yields were measured with a Perkin Elmer Clarus Gas Chromatographer (DB-5 column, 30 m 
length, 0.320 mm diameter, 0.25 μm film) coupled to a Flame Ionization Detector (GC-FID) with 
helium carrier gas and dodecane as an external standard or an Agilent Gas Chromatographer 
coupled with mass spectrometry (GC-MS) and t-butylbenzene as an external standard. Light-
emitting diodes from LedEngin were used for photochemical reactions in the UV region (centered 
at 368 nm) and in the visible region (centered at 465 nm).  
Photochemical dehalogenation 
In a dry and clean quartz tube 0.2 mmol of 4-methyl-bromobenzoate and 0.6 mmol of the base 
were suspended in 5 mL of HPLC methanol. The reaction mixture was sonicated for 15 min then 
purged with Argon for 10 min prior to irradiation with 368 nm LED working at 0.33 W.cm-2 under 
continuous stirring. Quantification of the product was done by GC-FID using dodecane as external 
standard. 
Formaldehyde test 
The formation of formaldehyde was detected by using the MQuant® test. Briefly, 0.5 mL of 
reaction mixture after UV irradiation were mixed together with 4 mL of milliQ water and 10 drops 
of the dye. Then, the strip was immersed in the solution and after 60 s the color change was 
evaluated. The test was repeated at least 3 times reaching saturation in all cases. Control test were 
performed using the reaction mixture before UV exposure.  
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Figure 1. Formaldehyde test. 
Quantum yield  
Detailed calculation of the quantum yield can be found in the SI. The experimental procedure 
was as follows: ferrioxalate 6 mM was prepared dissolving 60 mg of potassium ferrioxalate in 20 
mL of 0.05M H2SO4 and phenanthroline 0.1% buffered solution was prepared by mixing 20 mg 
of phenanthroline, 4.5 g of CH3COONa•3H2O in 20 mL of 0.5 M H2SO4. Both solutions are kept 
in brown bottles. For determination of the quantum yield, 4 mL of ferrioxalate solution were 
irradiated for 15 min in a photoreactor equipped with 14 UVA lamps prior to complexation with 
phenanthroline for determination of moles of ferrous ions produced in the solution. The 
photochemical dehalogenation was determined by mixing 0.2 mmol of 4-methyl-bromobenzoate, 
3 equiv. of K2CO3 in 4 mL of HPLC methanol in a clean dry quartz tube, then purged with argon 
prior to irradiation for 1 h in a photoreactor equipped with 14 UVA lamps. 
Computational details 
The DFT calculations presented in this work were performed using B3LYP and M06-2X density 
functionals24-27 using def2-TZVP basis set.28 Further, continuum solvation model was 
implemented, methanol was used as solvent via keywords SCRF=(IEFPCM, solvent=methanol). 
For B3LYP functional, D3 dispersion corrections have been included.29 All DFT computations 
 7 
were carried out with the Gaussian 09 software package.30 All the computed energies presented in 
this work include corrections for the zero-point vibrational energy unless stated otherwise.  
RESULTS AND DISCUSSION 
For the system shown in Scheme 1, the thermal reaction is completed within a few hours under 
reflux in methanol, while under a modest light intensity (<1 Wcm–2, T < 40 °C) the photochemical 
product is obtained quantitatively in less than three hours (Table 1). This result is particularly 
interesting given that the initial reagents (base or benzyl halides) do not absorb light in the emission 
region of the light source. Naturally, light absorption is a requirement in the system, and therefore 
we decided to investigate the reaction in more detail, starting by the analysis of the absorption 
profile of the reaction mixture, i.e., methyl 4-bromobenzoate, various bases and methanol as 
solvent. As can be seen in Figure 2, the reaction mixture between methyl 4-bromobenzoate and a 
base shows a red-shifted absorption with a new small band around 350 nm, which is responsible 
for the absorption of the LED light centered at 368 nm. All bases show similar behavior (see SI), 
which is interpreted as all being simple methoxide sources. Moreover, the addition of base 
(MeONa) does not alter the absorption spectrum of methyl benzoate (Figure S2), which further 
proves that it is the interaction of the base and the halogen atom the responsible for the spectral 
change of the reaction mixture. Intrigued by the formation of this intermediate we use Time-
Dependent DFT (TD-DFT) calculations —using M06-2X level of theory31-34— to simulate the 
absorption spectra of each methyl 4-halobenzoate before and after addition of CH3O– (Figure 2 
and S3). It is commonly accepted that halogen atoms in organohalides present anisotropic electron 
density when they are covalently bonded to other atoms. Thus, the electrostatic potential around 
the covalent bond is highly negative whereas a positively charge region is formed over the halogen 
atom, known as  the s-hole.5, 35-36 This particular structural feature has attracted much attention5, 
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37-38 because it can interact with lone pairs (i.e., nucleophiles) forming halogen bonding. These 
halogen bonds (XB) can influence conformation, binding and reactivity in the solution phase,37 
including playing an important role in catalysis.38 As shown in Figure 3, the complex between 
methyl-4-bromobenzoate and methoxide involves a  s-hole interaction releasing 4.4 kcal/mol at 
B3LYP-D3/Def2TZVP level of theory. Similar interaction is predicted for chloro and iodo 
benzoates with binding energy of 1.4 and 10.5 kcal/mol, respectively. It is also important to notice 
the C–X bond is slightly elongated after the interaction with the methoxide is in place (Figure 3 
and S3). Along with the halogen bond complex, other three local minima structures have been 
computed between methyl-4-bromobenzoate and methoxide (Figure S6). Among them, only the 
structure b has higher binding energy than the halogen-bonding complex at both levels of theory 
(M06-2X and B3LYP-D3). Such structure corresponds to the anionic tetrahedral intermediate of 
the base-promoted hydrolysis of carboxylic esters, however, this intermediate would not furnish 
the photochemical product found. Indeed, the theoretical absorption spectrum of the tetrahedral 
intermediate is blue-shifted compared to that of 4-methyl-bromobenzoate (Figure S7). 
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Figure 2. Absorption spectra for the reaction mixture in the absence of base (black solid line) and 
in the presence of 3 eq. of NaOCH3 (red solid line). Dashed lines represent the theoretical 
absorption spectra computed at the M06-2X/Def2TZVP, SCRF=(IEFPCM, solvent=CH3OH) 
level of theory; calculated spectra also suggest a significant red shift. 
 
Figure 3. Optimized structure of methyl-4-bromobenzoate with and without methoxide at the 
M06-2X/Def2TZVP, SCRF=(IEFPCM, solvent=CH3OH) level of theory. The C-Br bond length 
is highlighted in red. Values in brackets were computed at the B3LYP-D3/Def2TZVP, 
SCRF=(IEFPCM, solvent=CH3OH) level of theory. DE symbol represents the energy of the 
halogen bonding interaction. Plot of the electrostatic potential (isosurface value 0.02) is shown on 
the right (blue: positive potential, red: negative potential).  
It is important to note that if no UV irradiation is applied to the system the reagent can be easily 
recovered i.e., by means of chromatography. Thus, the changes that occur upon mixing and lead 
to absorption at 350 nm must reflect a reversible equilibrium. 
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In order to determine the nature of the photoinduced dehalogenation we performed different 
experiments summarized in table 1 (tables S1-S3). The photoinduced dehalogenation reaction 
works using UVA irradiation under inert atmosphere, atmospheric pressure, room temperature and 
in presence of bases — concentrations from 1 to 3 eq. show increased reaction yield (Table S2, 
entries ii-iv) — and methanol as a hydrogen donor. The reaction does not proceed in the absence 
of base, in the dark, or under visible light excitation. The solvent also plays an important role, the 
reaction works well in methanol, likely due to the in situ formation of methoxide. Ethanol and 
isopropanol also work, but yields are significantly lower (See SI). The reaction can work in toluene 
only in the presence of methanol and base, showing more soluble TMAOH can improve the 
reaction yields comparing to K2CO3 (Table S1). As shown in Table 1, the reaction is sensitive to 
the presence of radical quenchers such as oxygen, TEMPO or nitrobenzene (entries 9-11), and is 
accelerated in the presence of bromine (entry 3), a known radical initiator.39 However, the reaction 
does not proceed in the absence of base (entries 12-13), even using other radical initiators such as 
Br2 or Irgacure-2959 (Scheme S1) as shown in entries 12-13. It appears as if the only way to break 
the C–Br bond is after it is debilitated by, for instance, the formation of halogen bonds, as shown 
in Figure 3. Finally, the quantum yield of the reaction was calculated as 43, using ferrioxalate as 
actinometer.40-41 Based on all these evidence we can conclude that the dehalogenation reaction 
proceeds as a radical chain reaction. 













Entry Changes to standard conditions Yield %a 
1 none 98 
2 1 h irradiation 52 
3 1 h irradiation, traces of Br2 79 
4 1 h irradiation, 0.71 W cm–2 70 
5 NaOCH3 and no K2CO3 98 
6 No base traces 
7 Dark 0 
8 465 nm LED irradiation 0 
9 Air  0 
10 3 eq. of TEMPO 0 
11 1 eq. of nitrobenzene 0 
12 No base, traces of Br2  0 
13 No base, 2 eq. of photoinitiatorb 0 
For the use of other bases see Tables S1-S2. See Figure 4 for the reaction dependence on light 
intensity. aConversions and yields determined by GC-FID using dodecane as an external standard. 
bI-2959. 
The chain reaction proposed in order to rationalize the quantum yield of 43 is illustrated in 
Scheme 3, where the initiation step is favored by the XB formation between the base and the aryl 
halide. Further calculations suggest the XB weakens the C-X bond favoring the dissociation in 
50.1, 40.2 and 20.9 kcal mol–1 for Cl, Br and I, respectively (Table S4). Note that the propagation 
is expected to yield formaldehyde in stoichiometric amount relative to ArH. Indeed, using a 
commercially available formaldehyde test, we could detect amounts higher than 100 mg/L of 
formaldehyde formed after reaction is completed (see Figure 1). As mentioned above, the reaction 
does not proceed in the absence of base, which could also support the role of the base as proton 
scavenger in the propagation step. Notice that the products of the initiation reaction are very minor 
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and overlap with normal propagation products. Additionally, the chain length is expected to be 
much larger than 43, as the quantum yield of photoinitiation is not expected to equal one.42 Further 
confirmation of the chain process is obtained from the negative curvature of the yield vs. irradiance 
plot (Figure 4), as in the case of chain reactions the anticipated second order termination causes 
reaction rates to depend upon I1/2. 
 
 
Scheme 3. Radical chain reaction proposed for the dehalogenation of p-substituted halobenzenes. 
[ArX-•]  +  CH2O + CH3OH
[ArX-•] Ar•   +   X–
Ar•    +   CH3OH ArH   +   •CH2OH
ArX
OCH3 hν
Radicals: Ar•, CH3O• or Br•
Initiation
Propagation
Radical•  +   CH3OH   •CH2OH
 +   •CH2OHArX
OCH3
Ar = p-substituted halobenzenes
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Figure 4. Dependence of the reaction yield with light intensity (368 nm) after irradiation for 45 
minutes under otherwise standard conditions (see Table 1). 
To further understand this base-halogen interaction we also evaluated replacing the fourth 
position substituent (–C(O)OCH3, 𝜎 = +0.4543) for a more EWG (–CN, 𝜎 = +0.6643) or electron 
donor group, EDG, (–OCH3, 𝜎 = –0.26843).	As shown in   
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Table 2, the presence of an electron deficient group favors the reaction. Figure S4 clearly shows 
that the base-halogen interaction produces a greater red-shift of the aryl bromide absorption 
spectrum in the case of EWG; thus, it is not surprising that the reaction is more favored in those 
cases. We have also calculated the NBO charge distribution of these derivatives and found that the 




Table 2. Screening of the reaction with different 4-substituted bromobenzenes. 
 
Entry R Hammett Substituent Constants43 % Conversiona % Yielda 
i –CN +0.660 97 89 
ii –C(O)OCH3 +0.450 >99 >98 
iii –OCH3 –0.268 14 13b 
Reaction conditions: 0.2 mmol 4-substituted bromobenzene, 3 eq. MeONa, 5 mL of MeOH, 368 
nm LED, Ar atmosphere. aConversion and yield determined by GC-MS using t-butylbenzene as 
an external standard. b24 h reaction, nothing detected after 6 h of irradiation. 
CONCLUSION 
While numerous strategies are known for reductive hydrodehalogenation,2 we believe the one 
reported here is exceptionally mild, facile and based on reagents that are transition metal-free and 
have excellent atom efficiency. It is also an illustration of how bond weakening induced by 𝛔-
holes and halogen bonding can play a major role in organic methods. 
In summary, we have described how the photochemical behavior of aryl halides in the presence 
of a nucleophile can furnish the dehalogenation product quantitatively through a radical chain 
reaction. The mechanism is surprisingly different from the SNAr taking place under dark 
conditions. Experimental and computational analysis of the absorption profile of the reaction 
mixture, together with mechanistic studies, suggest the reversible formation of a complex species, 
more likely stabilized by XB formation, that weakens the C-X bond facilitating the radical reaction 
initiation. Additionally, the base acts as a proton scavenger that can also assist in the propagation 




  CH3ONa, MeOH




Supporting Information. More experimental and computational details are shown in the SI. The 
Supporting Information is available free of charge on the ACS Publications website.  
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